The effects of charging on a ZrO 2 sintered body due to electron irradiation were investigated by means of electron holography. The charging effects were quantitatively evaluated as a function of the incident electron density. The ZrO 2 sintered body was positively charged within a transmission electron microscope. By means of simulations taking into account reference wave modulation due to a long-range electric field, we were able to obtain the amount of charge on the ZrO 2 sintered body. Further, fluctuation in the amount of charge on ZrO 2 during electron irradiation was found through the presence of an irregular contrast in the reconstructed phase image.
Introduction
Zirconia (ZrO 2 ) has been widely used in various applications such as refractory materials, oxygen sensors, fuel cell membranes, and biomaterials because of its excellent thermal stability, mechanical properties, ion conductivity, and biocompatibility. [1] [2] [3] [4] [5] [6] Many studies have attempted to improve and control the properties of ZrO 2 ; for example, the developments of the composite materials using the excellent ZrO 2 properties as well as the studies on the process variables in the sintering/forming techniques have been carried out. [7] [8] [9] On the other hand, in order to develop new materials suitable for novel applications, it is essential to characterize the properties of a material using analysis techniques. In particular, it has been emphasized that electron microscopy and its related techniques can be used to precisely characterize materials from the viewpoints of their structure and composition. 10) However, when we analyze nonconductive materials such as ZrO 2 using electron microscopy, the charging phenomenon due to electron irradiation is unavoidable; this phenomenon results in the instability or drift of a specimen. 11) Therefore, the specimen is often coated with a metallic layer. 12, 13) However, although it is essential to understand the charging effect due to electron irradiation in order to perform a reliable analysis using electron microscopy, only a few studies have investigated the effect of charging on the specimen so far. 14, 15) In this study, the effect of charging on a ZrO 2 sintered body is investigated by means of electron holography.
16) The amounts of charge on ZrO 2 at different incident electron densities are quantitatively evaluated by means of simulations in combination with electron holography. Further, we present an interesting feature obtained by electron holography, which can indicate the fluctuation in the amount of charge on the specimen during electron irradiation.
Experimental Procedure
The ZrO 2 sintered body was prepared from ZrO 2 fine powders (size <80 nm) using a pressureless sintering method at 1500 C for 2 h. 17) For transmission electron microscopy, thin fragments of the ZrO 2 sintered body were used. In order to prevent the occurrence of strong charging, the specimens were coated with approximately 3 nm of osmium (Os) using a commercial osmium plasma coater (OPC60A, Filgen Inc.). Electron holography was carried out using a JEM-3000F equipped with a biprism and field emission gun. 18) The spacing between the interference fringes was approximately 2.4 nm for a biprism voltage of 50 V, and the spatial resolution and width of the field of view were 7.2 nm and 460 nm, respectively. The exposure time was set constant at 6 s. On the other hand, for obtaining the amounts of charge on the specimens due to electron irradiation, the simulations taking into account reference wave modulation due to the long-range electric field were performed using a mathematical software system (Mathematica, ver. 5.0.1.0, Wolfram Research Inc.). 11, 19, 20) 
Results and Discussions
Figure 1(a) shows a bright-field image of a part of a ZrO 2 fracture obtained after crushing the ZrO 2 sintered body. It is noted that various rod shapes are observed, as indicated by black arrows (''I'' and ''II''). In this study, electrons are irradiated at regions I and II; the charging effect is discussed for these regions. Figure 1(b) shows the enlarged bright-field image of region I (hereafter, regions I and II are referred to as ZrO 2 rods). A bright contrast (indicated by a black arrow) can be observed at the edge of the ZrO 2 rod. In general, within a transmission electron microscope, the specimen is positively charged since secondary electrons are radiated from the specimen, while incident electron beams are almost transmitted. Therefore, it is reasonable to consider that the bright contrast is attributed to the concentration of charge at the edge of the ZrO 2 rod; the bright contrast is caused by the deflection of the incident electron beam due to positive charges that are concentrated at the edge of the ZrO 2 rod, as revealed by the schematic illustration shown in Fig. 1(b) . Figure 1 (c) shows a bright-field image obtained after the specimens are coated with Os. Here, we can confirm that the charging phenomenon is suppressed by the Os coating. Figure 2 shows the electron holography results obtained for the ZrO 2 rod coated with Os. In the reconstructed phase image obtained under the condition that the electric field is the only dominating factor, the equiphase lines (white or black lines) indicate the equipotential lines reflecting the electric potential distribution integrated along the incident electron beam. 16) As shown in Figs. 2(d)-(f), the electric potential distributions due to the charging effect are visualized; these distributions are symmetrical around the ZrO 2 rod. With an increase in the incident electron density, the number of equipotential lines gradually increases. These results indicate that the strength of electric field increases around the ZrO 2 rod as a result of the being positively charged due to electron irradiation. Furthermore, in the reconstructed phase images of Figs. 2(d)-(f), the changes in the phase inside the ZrO 2 rod are observed with an increase in the incident electron density. These changes result from the changes in the electric potentials within/around the ZrO 2 rod with an increase in the incident electron density, i.e., the built-in charges in the ZrO 2 rod and the reference wave modulation due to the long-range electric field.
In order to quantitatively evaluate the charging effect for the case shown in Fig. 2 , simulations are carried out, as shown in Fig. 3 , using a one-dimensional line charge model. [19] [20] [21] On the other hand, it is noted that in this system, reference wave modulation due to the long-range field should be considered when the electric potential distribution projected along the incident beam is simulated; in other words, in this system, the intensity of the reconstructed phase image is given as I ph ðrÞ ¼ cosð p ðrÞ À Á p ðrÞÞ, where p ðrÞ is the phase change in the incident electron due to electric potential ' p ðrÞ, and Á p ðrÞ is the phase modulation due to the reference wave that is perturbed by the long-range electric field. 11, 16, 22) Here, it is found that the experiment data are consistent with the simulation results. From the simulations, À16 C, respectively. The simulations reveal that the amount of charge due to electron irradiation is proportional to the incident electron density. Furthermore, by using the evaluated charge amounts, the electric potentials at the surface of the ZrO 2 rod are calculated to be 13.0 V, 15.4 V, and 17.7 V, respectively. With an increase in the distance from the ZrO 2 rod, the electric potential decreases; for example, the electric potentials at positions i, ii, and iii in Fig. 3(a) are calculated to be 4.8 V, 3.8 V, and 3.0 V, respectively.
We have also carried out similar experiments for another region of the ZrO 2 fragment (indicated by II in Fig. 1(a) ). Figure 4 shows the electron holography results obtained for a ZrO 2 rod in region II. The holograms are recorded under the condition that the incident electron intensity is 30 nm À2 Ás À1 . From the reconstructed phase images, it is found that although the incident electron intensity is small in comparison with the incident electron intensities for the cases shown in Fig. 2 , the charging effect is strong. In this case, as shown in Fig. 4(c) , the charge amount is evaluated by the simulations to be 9:0 Â 10 À16 C, based on which the electric potential on the surface of ZrO 2 is calculated to be approximately 32.8 V. It is considered that this result is caused by both the inhomogeneous coating due to the complex surface shape and the increase in the irradiation area due to the relative large volume of the ZrO 2 rod. On the other hand, it is interesting to note that in the reconstructed phase images shown in Figs. 4(d)-(f) , the irregular contrast regions (denoted by faint red) are observed, and the change in their distribution occurs while the electric potential distributions Fig. 1(a) (Fig. 4(b) ), the amount of charge on the specimen is maintained during the exposure time of 6 s. Recently, some authors have found similar irregularities around a field emitting nanowire and microfibrils in a sciatic nerve tissue. 11, 22) The irregular contrast in the reconstructed phase image or the missing interference fringes in the hologram can be attributed to the fluctuation in the electric potential around the specimen. 11, 22, 23) Thus, in the case of the ZrO 2 rod charged by electron irradiation, it is considered that these results exhibit some instabilities with regard to the electric potential of the ZrO 2 rod, i.e., slight variations in the charge amount.
On the other hand, we present another typical example showing the variations in the charge amount during electron irradiation. Figure 5 shows the electron holography results for the electric potential distribution around a ZrO 2 rod and an oxidized tungsten needle. It is noted that since the tungsten needle is oxidized by the atmosphere, the surface of this needle is covered with a tungsten oxide layer. In the reconstructed phase images shown in Figs. 5(c) and (d) , it is observed that the oxidized tungsten needle as well as the ZrO 2 rod is charged. Further, it is clearly observed that irregular contrasts exist along the equipotential lines around the tungsten needle and that the positions of these contrasts change with an increase in the irradiation time. Here, in order to clarify the origin of these irregular contrasts, we have carried out simulations, as shown in Fig. 6 . In the simulations, we consider only the contributions from the oxidized tungsten needle since in this case, the oxidized tungsten needle is more strongly charged than the ZrO 2 rod and in addition, irregular contrasts are observed around the needle. Electron Holography of Charging Effect in ZrO 2 Sintered Bodyobserved during electron irradiation should be taken into account. We will carry out the studies on the mechanism and origin in the charge fluctuation as a future work.
Conclusion
The effect of charging on a ZrO 2 sintered body was investigated by means of electron holography in combination with simulations. The results are summarized as follows.
(1) The electric potential distribution around charged ZrO 2 was visualized by electron holography. By means of simulations taking into account reference wave modulation due to a long-range electric field, the amount of charge formed by electron irradiation was quantitatively evaluated. In rod-shaped ZrO 2 , the charge amount was proportional to the incident electron density. (2) In the case of the complex shaped ZrO 2 , the charging effect was more enhanced due to the inhomogeneous Os coating; furthermore, it was found that in the reconstructed phase image, irregular contrasts around charged ZrO 2 indicated charge fluctuation during electron irradiation. 
